c Koala retrovirus (KoRV) is a gammaretrovirus that is currently endogenizing into koalas. Studies on KoRV infection have been hampered by the lack of a replication-competent molecular clone. In this study, we constructed an infectious molecular clone, termed plasmid pKoRV522, of a KoRV isolate (strain Aki) from a koala reared in a Japanese zoo. The virus KoRV522, derived from pKoRV522, grew efficiently in human embryonic kidney (HEK293T) cells, attaining 10 6 focus-forming units/ml. Several mutations in the Gag (L domain) and Env regions reported to be involved in reduction in viral infection/production in vitro are found in pKoRV522, yet KoRV522 replicated well, suggesting that any effects of these mutations are limited. Indeed, a reporter virus pseudotyped with pKoRV522 Env was found to infect human, feline, and mink cell lines efficiently. Analyses of KoRV Ldomain mutants showed that an additional PPXY sequence, PPPY, in Gag plays a critical role in KoRV budding. Altogether, our results demonstrate the construction and characterization of the first infectious molecular clone of KoRV. The infectious clone reported here will be useful for elucidating the mechanism of endogenization of the virus in koalas and screening for antiretroviral drugs for KoRV-infected koalas.
R
etroviral elements, termed endogenous retroviruses (ERVs), occupy about 8 to 10% of mammalian genomes (1) . Most ERVs are defective due to genomic mutations and deletions, or their expression is epigenetically suppressed. However, some ERVs retain functionality and contribute to host physiological processes, exemplified by the human syncytins in placentation (2) . In this regard, ERVs are believed to play a role in the evolution of mammals, yet the process of endogenization of retroviruses, resulting in the establishment of ERVs, has not been elucidated. The koala retrovirus (KoRV), found in koalas (Phascolarctus cinereus), is a gammaretrovirus that is believed to be currently endogenizing into its host, thus providing us with a rare opportunity to investigate the mechanisms involved in retrovirus endogenization (3, 4) . Genetically and phylogenetically, KoRV is closely related to gibbon ape leukemia virus (GALV), which is an exogenous gammaretrovirus that induces leukemia/lymphoma in gibbons (5) . In addition, KoRV shares the viral receptor Pit-1 (a phosphate transporter) with GALV when it infects cells (6) . GALV is considered to be derived from an endogenous retrovirus of the Asian mouse Mus caroli or a related species (7) . However, the origin of KoRV is still unknown, because gibbons and Asian mice do not live in Australia.
In addition to benefits provided by ERVs, there are also negative consequences of harboring them in the host genome. Indeed, increased levels of KoRV infection in koalas have been associated with several diseases. For instance, koalas suffer from leukemia and lymphoma at a rate of 3 to 5% in the wild and an even higher rate of up to 60% in some captive colonies (8, 9) . Tarlinton et al. reported that, using quantitative real-time reverse transcriptase (RT) PCR, KoRV RNA levels in plasma were significantly increased in koalas suffering from leukemia or lymphoma compared with healthy koalas (10) . Furthermore, increased levels of KoRV were also seen in Queensland koalas with clinical chlamydiosis, a disease that is associated with immunosuppression (10-13), although a definite link between KoRV and chlamydiosis has been disputed (http://espace.library.uq.edu.au/view/UQ:244963). Altogether, these observations suggest that KoRV may be linked to oncogenesis and immunosuppression in koalas, making the study of the virus important for understanding its pathogenesis.
To date, studies on KoRV infection have been limited due to the lack of a replication-competent molecular clone and to the fact that it is not considered ethical to infect naïve koalas with the virus. In one study, individual genes derived from a molecular clone of KoRV, termed pcindy, were investigated for their impacts on KoRV-pseudotyped virus infection (6) . The authors reported that several mutations in the Gag and Env regions were involved in reduction in viral infection/production in vitro during endogenization, yet the negative impact of these and other mutations on viral replication has not been evaluated. In this study, we constructed an infectious molecular clone of KoRV isolated from a koala reared in Hirakawa Zoological Park (Kagoshima, Japan) and characterized it in terms of virus infectivity and budding. We found that the infectious clone is highly infectious in a human cell line despite containing mutations reportedly involved in reduction in viral infection/production in vitro. (14) , TELCeB6/GALV cells (15) , and TELCeB6/pFBFeLV-B cells (16) were cultured in Dulbecco's modified Eagle's medium (Sigma, Tokyo, Japan) supplemented with 10% heat-inactivated fetal serum, penicillin (100 units/ ml), and streptomycin (100 mg/ml) (Invitrogen, Carlsbad, CA). The cells were cultured at 37°C in a humidified atmosphere of 5% CO 2 in air.
MATERIALS AND METHODS

Cell
Virus isolation. A heparinized blood sample was taken by venipuncture from a Queensland koala (named Aki) reared in Hirakawa Zoological Park (Kagoshima, Japan). The procedure of virus isolation was described previously (17) , and the virus isolate was named strain Aki.
Construction of an infectious molecular clone of strain Aki. The genomic DNA of HEK293T cells infected with KoRV strain Aki was isolated by using a QIAamp DNA Blood Kit (Qiagen, Valencia, CA). We amplified two fragments covering the entire KoRV genome using primer sets 1 (Fw1, AATGAAGGAGGCAGAAATCATGAGGC, and Rv1, AAGT GATCTGATTATAAGCATGTTC) and 2 (Fw2, AGGGAAGGGAATTCA TTCAACGGCTG, and Rv2, AATGAAAGACCCCAATGTTCGGGTAG) with PrimeStar GXL DNA polymerase (TaKaRa, Ohtsu, Shiga, Japan) according to the manufacturer's instructions (Fig. 1) . We succeeded in cloning two KoRV fragments (fragments 1 and 2), which overlapped in a region corresponding to C-terminal pol and N-terminal env genes. The two fragments were ligated using the EcoRI site (present in the overlapping region) to obtain a full-length KoRV genome. Then, we cloned the full-length KoRV into a pSP73 vector (Promega, Fitchburg, WI) to obtain pKoRV522 (Fig. 1) . The detailed procedure for the plasmid construction is available upon request.
Virus preparation. The supernatant of HEK293T cells transfected with pKoRV522 or HEK293T cells cocultured with peripheral blood mononuclear cells (PBMCs) of the koala named Aki was collected and then filtered through a 0.45-m filter unit (Acrodisc; PALL Corporation, Ann Arbor, MI). The stock viruses were designated strain KoRV522 and strain Aki, respectively, and kept at Ϫ80°C until they were used. Infection via viral stocks was performed in the presence of Polybrene (2 g/ml; Sigma-Aldrich, St. Louis, MO) in the culture medium for viral adsorption as described previously (18) .
Plasmids. To construct expression plasmids of KoRV Envs, the env genes of pKoRV522 and pcindy were amplified by PCR using PrimeStar GXL DNA polymerase (TaKaRa) with primers KoRVenvFw (5=-AATCT AGACCACCATGCTTCTCATCTCAAACCC-3=) and KoRVenvRv (5=-ACGCCCATCGATTTAAAGGTTATCCTCGTTGT-3=). The PCR fragments were digested with XbaI and ClaI and then cloned into pFBPERV-A (15) to produce pFBKoRV522 and pFBKoRV-Cindy, respectively (Fig. 1) .
A pGEM-T Easy vector containing the complete KoRV proviral genome (pcindy) was obtained from Jon Hanger (Royal Society for the Prevention of Cruelty to Animals [RSPCA], Queensland, Australia). Because pcindy is not a proviral form, we reconstituted the clone into a proviral form of KoRV having long terminal repeats (LTRs) at both ends in the backbone of the pSP73 vector and named it pKoRV-Cindy (Fig. 1) . A chimeric clone, termed pKoRV522(5UTR-Cindy), was constructed by exchanging the entire 5= untranslated region (UTR) of pKoRV522 with that of pcindy using an In-Fusion HD cloning kit (Clontech, Mountain View, CA) according to the manufacturer's instructions. The detailed procedures for the construction of pKoRV-Cindy and pKoRV(5UTR-Cindy) are available on request.
To construct the expression plasmid for the KoRV gag-pol genes, named pKoRVGP-IRES ( Fig. 1) , the entire KoRV gag-pol region was amplified by PCR using PrimeStar GXL polymerase (TaKaRa) with primers KoRVGPFw (5=-AAGTTTAAACCACCATGGGACAGGGTGAGTCGA C-3=) and KoRVGPRv (5=-TGTATGCGGCGCTTATGCTGTTGATTCA TTTC-3=). The amplicon was used to replace the murine leukemia virus (MLV) gag-pol genes in the internal ribosome entry site (IRES) expression plasmid, termed pGP-IRES, in the Plat-E retroviral packaging system (19) . To generate the expression plasmids for the KoRV L-domain mu- tants, p119PSAP-AAAP and p140PPPY-AAPY ( Fig. 1 ), alanine substitutions were introduced into pKoRVGP-IRES by site-directed mutagenesis using a KOD-Plus-Mutagenesis Kit (Toyobo, Osaka, Japan).
To prepare HEK293T cells infected with Friend MLV and feline leukemia virus subgroup B (FeLV-B), pBluescriptIISKϩ/LTR-Friend-LTR (20) and pGAHF (21), respectively, were transfected into HEK293T cells.
LacZ pseudotype assay. To prepare the LacZ pseudotype viruses, termed lacZ(KoRV522) and lacZ(KoRV-Cindy), we transfected pFBKoRV522 and pFBKoRV-Cindy into TELCeB6 cells, which express high titers of MLV core particles incorporating an nlsLacZ gene (14), by using polyethylenimine as described previously (22) . Two days after transfection, culture supernatant was harvested from the transfected cells, filtered through a 0.45-m membrane filter, and used immediately in the LacZ assay. To prepare helper-free LacZ pseudotype viruses bearing GALV and FeLV-B, termed lacZ(GALV) and lacZ(FeLV-B), culture supernatants of TELCeB6/GALV (15) and TELCeB6/pFBFeLV-B (16) were harvested, filtered through a 0.45-m filter unit, and used immediately in the LacZ assay. We inoculated lacZ pseudotype viruses into target cells and cultured them for 2 days. Then, the cells were fixed with 1% glutaraldehyde and stained with 1 mg/ml X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) as described previously (15) . We determined the virus titers in target cells by counting lacZ-positive foci and expressed the virus titers as focus-forming units (FFU)/ml.
LacZ marker rescue assay. The LacZ marker rescue assay was performed as described previously (23) . Briefly, prior to the LacZ marker rescue assay, HEK293T cells and TE671 cells were transduced with the nlsLacZ gene to become HEK293T(LacZ) and TE671(LacZ) cells, respectively. From the transgene, mRNA of the LacZ gene with a packaging signal from MLV is constitutively expressed. Because KoRV has viral core proteins belonging to gammaretroviruses, the mRNA with the packaging signal from MLV can be incorporated with the KoRV core and rescued. To monitor KoRV growth in HEK293T and TE671 cells, the virus was inoculated onto HEK293T(LacZ) or TE671(LacZ) cells, and the culture supernatants were collected at the times indicated in Fig. 2 . Then, they were filtered through a 0.45-m filter unit, and serially diluted samples were immediately inoculated into naïve 293T cells. Two days after inoculation, the cells were stained with ␤-Gal, and lacZ-positive foci were counted.
RT assay. Single-tube fluorescent product-enhanced RT (STF-PERT) assays were performed as described previously (24) . Briefly, lysates of viral supernatants were added to RT reaction mixtures containing MS2 RNA template, MS2-specific primer, and deoxynucleoside triphosphates (dNTPs) in 8-well tubes. Each RT reaction mixture was separated within the same well with AmpliWax (Applied Biosystems [ABI], Foster City, CA) from a real-time PCR mixture containing two MS2-specific primers, a fluorescent probe, dNTPs, and TaqMan Universal Master Mix (ABI). All samples were run in triplicate. A standard curve was created using serially diluted MLV RT enzyme (Roche, Basel, Switzerland) in the same buffer used for the samples and assayed in triplicate. The Prism 7700 (ABI) was used to perform the reactions and quantify the amounts of RT per sample. The reaction conditions were 48°C for 50 min (RT reaction), 95°C for 10 min (melting the wax to combine reactions), and 40 cycles of 95°C for 15 s and 60°C for 1 min (PCR).
Antibody preparation. Polyclonal antibodies against capsid (CA) and surface unit (SU) of the Env protein of KoRV were prepared by a protocol reported previously (25, 26) . Briefly, rabbits were immunized with the mixed synthetic peptides (WKSNHPSFSENPTGC and CRRDRRQEKNL TKIL for KoRV CA and CSQQARPPPDSNYEHAY and CSYPRARTRI ARSQ for KoRV SU Env) conjugated with keyhole limpet hemocyanin (KLH).
Immunoblotting. Cells were collected and lysed with RIPA buffer (50 mM Tris-HCl buffer, pH 7.6, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, protease inhibitor cocktail [Roche]), and the cell lysates were subjected to SDS-PAGE. Viruses in culture supernatants were collected by centrifugation (6,300 ϫ g) for 12 h, and the concentrated supernatants were subjected to SDS-PAGE. To detect virus components (CA and SU Env), we used anti-KoRV CA or anti-KoRV SU Env antibody, respectively, as a primary antibody (1 g/ml) and an antirabbit IgG antibody conjugated with horseradish peroxidase as a secondary antibody. Proteins recognized by the antibodies were visualized with Supersignal WestFemto (Thermo Scientific, Rockford, IL).
Virus budding assay. Virus budding assays were performed as described previously (27) . Briefly, HEK293T cells (2.5 ϫ 10 5 ) were transfected with 1 g of the expression plasmid for KoRV (pKoRVGP-IRES) or L-domain mutants, using Trans-IT LT-1 (Mirus Bio Corp., Madison, WI). At 48 h after transfection, the supernatants were separated from cell debris by centrifugation (10,000 ϫ g) for 10 min, and then virions were pelleted by ultracentrifugation. Cell lysates and virions were analyzed by immunoblotting using anti-KoRV CA and SU Env antibodies and antiactin antibody (Sigma).
Nucleotide sequence accession number. The sequence of pKoRV522 was deposited in GenBank and assigned accession number AB721500.
parental KoRV strain, Aki, were taken from an infected koala held in captivity, cocultured with HEK293T cells, and then harvested for integrated proviral DNA. Several proviral sequences were extracted and cloned into a pSP73 vector. Preliminary studies identified one highly infectious clone, which was designated pKoRV522 (data not shown). We then examined the replication kinetics of the virus derived from pKoRV522, designated KoRV522. This virus was inoculated onto HEK293T(LacZ) and TE671(LacZ) cells, and virus titers were measured in the culture supernatants by the LacZ marker rescue assay. We found that KoRV522 grew efficiently in HEK293T cells, but not in TE671 cells (Fig. 2A) . To compare the growth kinetics of KoRV522 with those of the parental strain, Aki, the amounts of KoRV522 and strain Aki were adjusted by RT activity and inoculated onto HEK293T(LacZ) cells. The production of KoRV in the inoculated cells was monitored for 36 and 68 days for KoRV522 and strain Aki, respectively. KoRV522 and strain Aki grew efficiently, reaching plateaus of 10 6 FFU/ml at 20 and 44 days postinoculation, respectively (Fig. 2B) . These data indicate that the virus derived from pKoRV522 is infectious in HEK293T cells. It should be noted that pKoRV522 might be derived from two different proviruses in the koala and recombined in the procedure for the construction of the molecular clone.
Infectivity of pKoRV-Cindy. The infectivity of pKoRV-Cindy (a reconstituted clone of pcindy) (Fig. 1) was also evaluated by the LacZ marker rescue assay. pKoRV-Cindy and pKoRV522 were transfected into HEK293T(LacZ) cells, and the virus titers produced in culture supernatants were measured (Fig. 2C) . The virus derived from pKoRV-Cindy did not grow in HEK293T(LacZ) cells, indicating that pKoRV-Cindy is defective.
Immunoblot analysis. We next analyzed the protein expression profiles of KoRV522 by immunoblot analysis using antiKoRV CA and SU Env antibodies, to confirm that viral proteins were being expressed. First, we confirmed that the anti-KoRV CA and SU Env antibodies detected KoRV CA and SU Env specifically and did not cross-react with MLV and FeLV-B (Fig. 3A and B) . By using these antibodies, we detected precursor Gag proteins (Pr65 and Pr50) and mature CA protein (p30) in KoRV-infected cells (cell lysate) and culture supernatants in both strain Aki and KoRV522 (Fig. 3C) . In culture supernatants, we detected mature CA (p30) as the predominant band. Furthermore, we detected SU Env protein in cell lysates and culture supernatants (Fig. 3D) . No differences were observed in the protein sizes between KoRV522 and strain Aki. From these data, together with the replication kinetics, we conclude that pKoRV522 is a fully active and infectious molecular clone of strain Aki. We also examined the expression of viral proteins from pKoRV-Cindy. The pKoRV-Cindy was transfected into HEK293T cells, and 2 days after transfection, the cell lysates were examined for the presence of KoRV CA and SU Env proteins by immnoblot analysis. As a result, we could not detect any viral proteins in HEK293T cells transfected with pKoRVCindy (data not shown).
Nucleotide sequence comparison of pKoRV522 with pcindy. When we compared the nucleotide sequence of pKoRV522 with that of a previously characterized KoRV clone, pcindy (GenBank accession number AF151794) (9), we found that the sequence of pKoRV522 was nearly identical to that of pcindy in the coding and LTR regions (Table 1) . However, the homology in the 5= UTR of pKoRV522 was relatively low (97.4%), and pKoRV522 contained 6-bp and 3-bp insertions at positions 149 and 387 of pcindy, respectively. In a previous study (6) , although both KoRV and GALV utilize the human Pit-1 molecule (a phosphate transporter) to infect human cells, pseudotyped KoRV Env infection was shown to be 1,000 times lower than that of GALV Env pseudotype on MDTF expressing human Pit-1. Further investigation led to the identification of several amino acids involved in the attenuation of Env functions, such as infectivity and fusion activity, of KoRV by comparing KoRV and GALV Env sequences (6) . Consequently, replacing GALV Env residues A128, I129, L182, S183, and K184 with the corresponding KoRV Env residues T121, L122, Q176, P177, and R178 (Fig. 4A ) resulted in markedly reduced virus titers (6) . Furthermore, mutating the GALV Env residue T177 to the KoRV Env type (A170) in the CETTG motif resulted in decreased cell fusion activity (6) . Contrary to our expectation, pKoRV522 also has these mutations, which were reported to be involved in a decrease in viral infection (6, 28) (Fig. 4A) . Further, in a partial Env region containing a receptor binding domain encompassing variable regions A and B (VRA and VRB), we could not find any differences between pKoRV522 and pcindy (Fig. 3A) . Gag proteins of many retroviruses include short peptide motifs required for virus budding, called L domains. To date, three types of L-domain motif have been identified in retroviruses: PT/SAP, PPXY, and YXXL (29) . The disruption of the PPXY motif that is present 3 bases downstream of the PPXY motif in the L domain of KoRV was reported to be involved in the reduction of KoRV budding (6) . The PPXY motif of pKoRV522 was also disrupted, like that of pcindy (Fig. 4B ), but we found that an intact PPXY motif is also present 18 bases downstream of the PSAP motif (Fig. 4B ). This additional PPXY motif is also present in a similar position in the GALV Gag sequence (Fig. 4B) .
The 5= UTR is not a major determinant of the defectiveness of pKoRV-Cindy. To explore the reason for the defectiveness of pKoRV-Cindy, we made a chimeric clone, termed pKoRV522(5UTR-Cindy) (Fig. 1) , by exchanging the 5= UTR of pKoRV522 with that of pKoRV-Cindy. pKoRV522, pKoRV522(5UTR-Cindy), and pKoRV-Cindy were transfected into HEK293T(LacZ) cells. Two days after transfection, KoRV in the culture supernatants was titrated by the LacZ marker rescue assay (Fig. 5A) . Although the viral titer produced from pKoRV522(5UTR-Cindy) was slightly lower than that of the wildtype (WT) pKoRV522, the 5= UTR mutant was still infectious. These data indicate that the 5= UTR alone does not explain the defectiveness of pKoRV-Cindy. Host range of Env-pseudotyped virus derived from pKoRV522. Since KoRV522 grew well in HEK293T cells but not in TE671 cells ( Fig. 2A) , we tried to determine the host range of KoRV522 using LacZ pseudotype virus bearing the envelope glycoprotein of pKoRV522, lacZ(KoRV522). HEK293T (human), TE671 (human), G355-5 (cat), Mv-1Lu (mink), NIH 3T3 (mouse), MDTF (mouse), and CHO (hamster) cells were inoculated with lacZ(KoRV522), and the virus titers were determined by the LacZ assay. We found that HEK293T, TE671, G355-5, and Mv-1Lu cells were susceptible to lacZ(KoRV522), while mouse cell lines, NIH 3T3 and MDTF, and a hamster cell line, CHO, were not (Fig. 5B) . The titer of lacZ(KoRV522) was relatively high (more than 10 5 FFU/ml) in HEK293T, TE671 and G355-5 cells. These data indicate that human, cat, and mink cells express functional receptors, Pit-1, for KoRV. The pattern of the host range of KoRV522 was the same as those of GALV and FeLV-B, which utilize Pit-1 as a receptor (15, 16) .
Comparison of viral titers of pseudotype viruses bearing KoRV, GALV, and FeLV-B Envs. We compared the virus titers of pseudotype viruses bearing Envs from pKoRV522, pKoRV-Cindy, GALV, and FeLV-B by the LacZ assay (Fig. 5C) . Titers of KoRV Env pseudotypes derived from both pKoRV522 and pKoRVCindy were comparable to those of GALV and FeLV-B Env pseudotype viruses. These data indicated that the function of KoRV Env is similar to that of exogenous gammaretroviruses in terms of infectivity.
The PPPY sequence functions as the major L domain in KoRV budding. The clone pKoRV522 is highly infectious, although the PPXY motif that was reported to be involved in viral budding is disrupted (6) . However, we found that an additional PPXY motif is present in the KoRV Gag sequence, as described above (Fig. 4B) . To examine the functions of two putative L-domain motifs (PSAP and PPXY motifs) in KoRV Gag, we constructed expression plasmids for the KoRV mutants, which were mutated from PSAP and PPPY to AAAP and AAPY, respectively (Fig. 1) . The expression plasmids for the WT and the mutants were transfected into HEK293T cells. At 72 h posttransfection, the amounts of intracellular Gag precursor (Pr65) and CA (p30) in virus particles were analyzed by immunoblotting using an antiKoRV CA antibody. As shown in Fig. 6A , similar levels of Gag precursor were synthesized in cells expressing either WT or Gag mutants. The release of virus particles into the medium was greatly reduced by alanine substitutions of the PPPY motif, while the PSAP mutations had no apparent effect on virus production (Fig. 6B) . These data suggest that the PPPY motif, but not the PSAP motif, plays a major role as the L domain in KoRV budding.
DISCUSSION
Although the entire nucleotide sequence of KoRV has been determined and a KoRV clone has been isolated by long-range PCR using koala genomic DNA derived from PBMCs (9), studies on the virus have been hampered by the absence of an infectious molecular clone. To fill this void, we isolated a KoRV strain, termed Aki, from a koala reared in the Hirakawa Zoological Park and constructed an infectious molecular clone, designated pKoRV522. To the best of our knowledge, this is the first report on the construction and characterization of an infectious molecular clone of KoRV.
KoRV522, derived from the clone, grew efficiently in HEK293T cells but not in TE671 cells (Fig. 2A) , although its pseudotype virus, lacZ(KoRV-522), was able to infect both HEK293T and TE671 cells (Fig. 5B ), indicating that a block in viral growth in TE671 cells may have occurred at the postentry level. We also found that KoRV522 grew more efficiently than strain Aki in HEK293T cells (Fig. 2B) . The slower growth of strain Aki may be explained by the presence of defective viruses. Although the coding sequences of pcindy are quite similar to those of pKoRV522, its reconstituted clone, pKoRV-Cindy, was not capable of producing any infectious viruses (Fig. 2C) . Although the major difference between the nucleotide sequence of pKoRV522 and pKoRVCindy was found in the 5= UTR, chimeric analysis by exchanging the 5= UTR revealed that the 5= UTR alone was not responsible for the inability of pKoRV-Cindy to replicate in cells.
In investigating the ability of pKoRV522 to infect various hosts, we found that lacZ(KoRV522)-infected cells derived from humans (HEK293T and TE671), cats (G355-5), and mink (Mv1Lu), but not those of hamsters (CHO) and murine cell lines (NIH 3T3 and MDTF) (Fig. 5B) . Consistent with our results, Fiebig et al. reported that KoRV strain Duisburg-Berlin, isolated from a koala reared in the Duisburg Zoo (Duisburg, Germany), infected HEK293T cells, human T cell lines (CEM and C8166), and a rat cell line (rat1), but not murine NIH 3T3 cells (30) . In contrast to our results, Oliveira et al. demonstrated that an Env-pseudotyped virus derived from the Australian isolate, pcindy, was able to infect murine MDTF (28) . The difference in murine cell susceptibility to these viruses may be attributed to five amino acid substitutions in the pcindy Env used to pseudotype virus (28) compared with pKoRV522 (Fig. 4C) .
Oliveira et al. revealed several amino acid mutations involved in reduction in viral infection in vitro (28) . Interestingly, even though pKoRV522 contains all of the mutations involved in the reduction of viral infectivity (Fig. 4A) , the titers of the KoRV Env pseudotype viruses were comparable to those of exogenous retroviral Env pseudotype viruses in HEK293T cells (Fig. 5C ). Therefore, we considered that the reduction of viral infectivity caused by these reported mutations is limited.
The disruption of the PPXY motif in the L domain of KoRV was reported to be involved in the reduction of KoRV budding. However, pKoRV-522 has the same mutations in this motif (Fig. 4B ), yet it grew efficiently in HEK293T cells, reaching a maximum titer of 10 6 FFU/ml (Fig. 2) . To explain this discrepancy, we compared the Gag sequences of KoRV and GALV and found an additional PPXY motif not previously reported. Mutations in the PSAP motif did not affect KoRV budding, whereas mutations in the novel PPXY motif had a significant impact (Fig. 6) . Therefore, we conclude that the second PPXY motif is the major L-domain sequence for KoRV budding while the first PPXY is dispensable.
In conclusion, KoRV522 is highly active and replicates efficiently in HEK293T cells despite containing mutations believed to result in reduction in viral infection/production in vitro. Given that there is a relationship between the viral load in KoRV-infected koalas and leukemia, it is likely that KoRV induces diseases such as cancer and immunodeficiency in these animals, making antiretroviral drugs a viable therapeutic option for koalas in captivity. The infectious clone reported here may be a useful tool for the screening of antiretroviral drugs that can be administered to koalas.
